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Abstract: The effects of optimized operation principles implemented at reservoirs on the Wujiang 
River in southwest China between September 2009 and April 2010 under drought conditions were 
analyzed based on operational data collected from the Guizhou Wujiang Hydropower Development 
Co., Ltd. A set of linear regression equations was developed to identify the key factors impacting the 
electric power generation at reservoirs. A 59% reduction in the inflow discharge at the Hongjiadu 
Reservoir led to a decrease of only 38% in the total electric power generation at the Hongjiadu, 
Dongfeng, Suofengying, and Wujiangdu reservoirs on the Wujiang River, indicating that 
optimized operation can play an important role in drought management. The water level and the 
amount of other water inputs at the Hongjiadu Reservoir and the outflow discharge at all of the 
reservoirs except the Wujiangdu Reservoir were key factors affecting the total electric power 
generation at reservoirs on the Wujiang River under optimized operation.  
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1 Introduction 
Weather events such as extreme variations in temperature, precipitation, and wind have 
recently increased in frequency and intensity (Bolin 2003; Hansen et al. 2005; Qin et al. 2007; 
RCC 2008; Chen and Fan 2010). For example, Guizhou Province suffered its worst drought in 
the last 80 years between September 2009 and April 2010, while sequential autumn, winter, 
and spring droughts simultaneously occurred in five other provinces in southwest China (Shao 
et al. 2008). 
Decreases of precipitation and inflow caused by extreme weather events have a profound 
impact on the operation of cascade reservoirs. There have been many studies of reservoir 
operation in response to abnormal weather, most investigating the influence of precipitation 
(Xia et al. 2008a, 2008b), runoff (Shao et al. 2008), and inflow changes (Mirza 2009) caused 
by climate change. However, there have been few studies of the optimized operation of 
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cascade reservoirs in response to extreme weather. 
In this paper, we discuss the development of optimized operation principles and their 
effects on the operation of reservoirs on the Wujiang River during the drought between 
September 2009 and April 2010. A set of linear regression equations was developed to identify 
the key factors impacting the electric power generation at the cascade reservoirs. The 
conclusions of the study may provide useful information for decision makers attempting to 
implement optimized operation of cascade reservoirs to address climate change effects. 
2 Cascade hydropower stations on Wujiang River in Guizhou 
Province 
The Wujiang River, with a length of 1 037 km and a natural head of 2 123.5 m, flows 
through Guizhou Province and is the largest tributary on the south bank of the upper reaches 
of the Yangtze River. It is one of the twelve largest sources of hydropower in China,        
with hydropower reserves totaling 9.785 × 106 kW. The Guizhou Wujiang Hydropower 
Development Co., Ltd. is the first watershed hydropower development company in China, and 
is also the first case of watershed cascade hydropower station construction and integrated 
development implemented by the State Council in China. The company manages seven 
hydropower stations in Guizhou Province, including the Hongjiadu, Dongfeng, Suofengying, 
Wujiangdu, Goupitan, Silin, and Shatuo reservoirs, with a total of hydropower reserve of 
8.305 × 106 kW. The distribution and main technical parameters of the cascade hydropower 
stations are shown in Fig. 1 and Table 1, respectively.  
 
Fig. 1 Map of cascade hydropower stations on Wujiang River 
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Table 1 Main technical parameters for cascade hydropower stations on Wujiang River  
Reservoir 
Installed 
capacity 
(MW) 
Design electric power 
generation     
(109 kW·h/year) 
Regulated storage 
capacity (109 m3)
Normal water 
level (m) 
Storage capacity at 
normal water level 
(109 m3) 
Regulation 
function 
Hongjiadu 3 × 200 15.59 33.61 1140 44.97 Multi-year 
Dongfeng 3 × 190 + 125 29.58 4.90 970 8.64 Incomplete year 
Suofengying 3 × 200 20.11 0.67 837 1.69 Daily 
Wujiangdu 5 × 250 40.56 13.60 760 21.40 Incomplete year 
Goupitan 5 × 600 96.82 29.02 630 55.64 Yearly 
Silin 4 × 250 40.51 3.17 440 12.05 Weekly 
Shatuo 4 × 280 45.52 2.87 365 7.70 Yearly 
3 Optimized operation principles adopted at hydropower stations 
under drought conditions 
In terms of water input, electric power demand, and reservoir operation, the principles 
adopted at the hydropower stations on the Wujiang River to address the 2009 to 2010 drought 
conditions include: 
(1) For ecological reasons, the Silin Reservoir was controlled to maintain the flow rate of 
at least 195 m3/s in the lower reaches whenever it is possible. 
(2) Because of the low water input and increasing local demand for electric power, the 
hydropower stations generated substantially more electric power than projected power levels, 
and operation of the reservoirs focused on the primary mission of guaranteeing emergency 
availability during peak periods with minimal voltage and frequency disturbance. 
(3) The Hongjiadu Reservoir, as the leading reservoir, produced more electricity and 
compensated for reduced inflow at the lower reservoirs in order to maintain them at high water 
levels, reducing the rate of water consumption and improving the water utilization rate. For 
example, the water level at the Dongfeng Reservoir increased from 945 m in the middle 
September to 960 m in middle October in 2009. As a result, the rate of water consumption for 
electric power generation at the Dongfeng Reservoir decreased from 4.10 to 3.60 m3/(kW·h). 
(4) In November and December 2009, the water level at the Goupitan Reservoir was 
adjusted in combination with the upstream and downstream reservoirs. The water level at the 
Goupitan Reservoir was decreased as part of the overall implementation of the operation plan.  
(5) The Hongjiadu and Goupitan reservoirs were maintained at high water levels and 
reduced electrical output at the end of 2010 in order to improve operation of the cascade 
reservoirs and reduce the risk of lower water input. 
4 Analysis of cascade reservoir operation during drought in 
2009-2010 
4.1 Rainfall and other water inputs to Wujiang River Basin 
From September 2009 to April 2010, rainfall at regional reservoirs was 35% to 65% less 
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than that in the prior year. The lack of rainfall was particularly serious at the Hongjiadu 
Dongfeng, and Suofengying reservoirs (Table 2). In addition, the total amount of other water 
inputs to the Wujiang River Basin from September 2009 to April 2010 was at least 54% lower 
than that of the annual average of the same period from 1952 to 2007, and was the fifth lowest 
value over the past 70 years of historical records (Table 3). 
Table 2 Surface rainfall in Wujiang River Basin from September 2009 to April 2010  
Reservoir 
Cumulative total surface rainfall (mm) Year-to-year difference 
(mm) 
Relative 
difference (%) Sep. 2009-Apr. 2010 Sep. 2008-Apr. 2009 
Hongjiadu 161.5 412.4 –250.9 –61 
Dongfeng 211.9 578.4 –366.5 –63 
Suofengying 159.1 450.7 –291.6 –65 
Wujiangdu 205.7 472.3 –266.6 –56 
Goupitan 272.7 493.3 –220.6 –45 
Silin 332.9 511.0 –178.1 –35 
Note: Cumulative total surface rainfalls were obtained from monthly totals for hydropower forecasts at the provincial 
observatory. 
Table 3 Other water inputs to Wujiang River Basin from September 2009 to April 2010  
Section 
Other water input (108 m3) Difference from 
average (108 m3) 
Relative 
difference (%) Sep. 2009-Apr. 2010 Annual average for same period  
Hongjiadu 7.2 18.9 –11.7 –61.9 
Hongjiadu-Dongfeng 7.5 20.3 –12.8 –63.1 
Dongfeng-Suofengying 0.9 5.7 –4.8 –84.2 
Suofengying-Wujiangdu 2.6 10.5 –7.9 –75.2 
Wujiangdu-Goupitan 20.4 28.3 –7.9 –27.9 
Goupitan-Silin 7.3 15.5 –8.2 –52.9 
Total 46.0 99.2 –53.3 –53.7 
Note: Annual averages were calculated with data from 1952 to 2007. 
4.2 Inflow discharge at reservoirs 
During the drought from September 2009 to April 2010, the average inflow discharge at 
each reservoir substantially decreased. The greatest decrease occurred at the Hongjiadu 
Reservoir (59%), and the smallest decrease was at the Silin Reservoir (18%) (Table 4). The other 
reservoirs experienced decreases of as much as 40% compared to the average during the same 
period of 2005-2008. The smallest decrease at the Silin Reservoir is related to ecological flow 
protection measures implemented there during the optimized operation. 
Fig. 2 shows the monthly average inflow discharge at each reservoir. The inflow discharge 
at the Silin Reservoir was relatively steady due to flow control at the Hongjiadu Reservoir. The 
inflow discharge at each reservoir was lower from January to April than from September to 
December due to the increased rainfall during the wet season from May to October. 
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Table 4 Inflow discharges at reservoirs from September 2009 to April 2010 
Reservoir 
Inflow discharge (m3/s) Difference between two 
averages (m3/s) 
Relative 
difference (%) Average in Sep. 
2009-Apr. 2010 
Average in Sep. 
2005-Apr. 2008 
Hongjiadu 34.72 84.36 –49.65 –59 
Dongfeng 143.73 224.78 –81.05 –36 
Suofengying 157.35 264.83 –107.49 –41 
Wujiangdu 169.59 305.52 –135.93 –44 
Goupitan 260.79 461.62 –200.83 –44 
Silin 306.46 372.44 –65.97 –18 
  
Fig. 2 Comparison of monthly average inflow discharges at reservoirs from September 2009 to April 2010 
with averages from September 2005 to April 2008  
4.3 Outflow discharge at reservoirs 
During the drought from September 2009 to April 2010, the average outflow discharge at 
each reservoir substantially decreased, and four reservoirs experienced nearly 40% decreases 
compared to the averages for the same period of 2005-2008 (Table 5). 
Table 5 Outflow discharges at reservoirs from September 2009 to April 2010 
Reservoir 
Outflow discharge (m3/s) Difference between two 
averages (m3/s) 
Relative 
difference (%) Average in Sep. 
2009-Apr. 2010 
Average in Sep. 
2005-Apr. 2008 
Hongjiadu 99.77 136.30 –36.53 –40 
Dongfeng 151.68 247.38 –95.70  –39 
Suofengying 157.32 276.43 –119.11 –43 
Wujiangdu 169.59 314.94 –128.47 –41 
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4.4 Water level at reservoirs 
The average water level at each reservoir during the drought from September 2009 to 
April 2010 was lower than the average of the same period of 2005-2008, with the greatest 
reduction occurring at the Hongjiadu Reservoir (12.99 m) (Table 6). The monthly average 
water level at each reservoir from September 2009 to April 2010 and the averages from 2005 
to 2008 are plotted in Fig. 3. 
Table 6 Average water levels at reservoirs from September 2009 to April 2010  
Reservoir 
Water level (m) 
Difference between two 
averages (m) 
Relative 
difference (%) Average in Sep. 
2009-Apr. 2010 
Average in Sep. 
2005-Apr. 2008 
Hongjiadu 1 091.85 1 104.84 –12.99 –1.18 
Dongfeng 947.44 956.44 –9.00 –0.94 
Suofengying 828.80 830.32 –1.52 –0.18 
Wujiangdu 745.82 748.00 –2.18 –0.29 
 
Fig. 3 Comparison of monthly average water levels at reservoirs from September 2009 to April 2010 with 
averages from September 2005 to April 2008  
4.5 Electric power generation 
Table 7 provides summaries of the electric power generation at the Hongjiadu, Dongfeng, 
Suofengying, and Wujiangdu reservoirs from September 2009 to April 2010, and Fig. 4 shows 
the monthly electric power generation at four reservoirs. While the inflow discharge at the 
Hongjiadu Reservoir decreased by 59%, the total electric power generation at the four 
reservoirs decreased by only 38% compared with the average of the same period of 2005-2008. 
The optimized operation at the Hongjiadu Reservoir increased the water levels at reservoirs in 
the lower reaches, which reduced the impact on the total electric power generation. 
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Table 7 Electric power generation at reservoirs from September 2009 to April 2010  
Reservoir 
Electric power generation (kW·h) Difference from   
average (kW·h) 
Relative 
difference (%) Sep. 2009-Apr. 2010 Annual average for  same period 
Hongjiadu 59 091 80 307 –21 216 –26 
Dongfeng 81 432 133 668 –52 236 –39 
Suofengying 57 709 99 035 –41 326 –42 
Wujiangdu 106 933 175 622 –68 689 –39 
Total 305 165 488 632 –183 467 –38 
Note: Annual averages at Hongjiadu and Dongfeng reservoirs were calculated with data from 2004 to 2008, and annual averages 
at Suofengying and Wujiangdu reservoirs were calculated with data from 2005 to 2008. 
 
Fig. 4 Comparison of monthly electric power generation at reservoirs 
5 Analysis of factors influencing electric power generation 
during drought management in 2009-2010 
The operation of cascade reservoirs is affected by many factors, including operation 
principles, watershed weather forecasts, past and present rainfalls, 24-hour regional inflow 
discharge predictions, electric power demand, water level, generating set conditions, and gate 
operational conditions (Cheng et al. 2008; Wang et al. 2009). In general, cascade hydropower 
operational schemes are formulated using a set of complex calculations, and a set of simplified 
fitted models are used to improve management effectiveness.   
Multiple linear stepwise regression was applied using the Statistical Program for Social 
Sciences (SPSS) software package to identify the impacts of different variables and different 
stations on the total electric power generation. The stepwise method and the tools for 
collinearity in SPSS were used during the simulation process to reduce the effects of 
multicollinearity between independent variables. The total weekly electric power generation (Y) 
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at the reservoirs on the Wujiang River from September 2009 to April 2010 was selected as the 
dependent variable, and the quantity of water available at the end of a month (Q), the water 
level (L), the amount of other water inputs (C), and the inflow discharge (C1) and outflow 
discharge (C2) at each reservoir were used as independent variables, respectively. Table 8 
provides the regression equations for the total electric power generation at reservoirs on the 
Wujiang River from September 2009 to April 2010 based on the variables of all reservoirs.  
Each of the regression equation was subjected to statistical correlation coefficient testing 
and F-testing. According to the adjusted R2 of regressions 1 through 5, the relative influence of 
each variable on the total electric power generation was ordered (from high to low): the outflow 
discharge (0.999), the inflow discharge (0.987), the quantity of water available at the end of a 
month (0.709), the amount of other water inputs (0.662), and the water level (0.652). 
Table 8 Regression equations for total electric power generation at reservoirs on Wujiang River from 
September 2009 to April 2010 based on variables of all reservoirs   
No. Regression equation R Adjusted R2 
1 Y = í3 248 640.239 + 3 044.745LHJD 0.843 0.652 
2 Y = 41 217.863 + 20 266.790QDF 0.870 0.709 
3 Y = í4 699.586 + 2 371.608CHJD 0.848 0.662 
4 Y = í19 809.491 + 221.932C1WJD+191.967C1SL 0.996 0.987 
5 Y = í6 317.006 + 135.033C2SFY + 203.299C2GPT + 60.340C2HJD 1.000 0.999 
Note: Subscripts HJD, DF, SFY, WJD, GPT, and SL refer to the Hongjiadu, Dongfeng, Suofengying, Wujiangdu, Goupitan, and 
Silin reservoirs, respectively. 
The water level and the amount of other water inputs at the Hongjiadu Reservoir (as the 
primary reservoir) have obvious effects on the total electric power generation according to 
regression equations 1 and 3 (Table 8). Accordingly, the Hongjiadu Reservoir was maintained 
at a high water level after 2010 in order to improve the operation of the cascade reservoirs and 
reduce the impact of lower water flow rates. 
We also developed a set of linear regression equations for the total electric power 
generation at reservoirs on the Wujiang River based on the variables of each reservoir, as 
shown in Table 9. It indicated that the outflow discharge was the key factor impacting the total 
electric power generation at all of the reservoirs except at the Wujiangdu Reservoir, at which 
the key factor was the inflow discharge.  
Table 9 Regression equations for total electric power generation at reservoirs on Wujiang River from 
September 2009 to April 2010 based on variables of each reservoir  
Reservoir Regression equation R Adjusted R2 
Hongjiadu Y = 39 213.773 + 290.719 C2HJD 0.881 0.731 
Dongfeng Y = 22 038.691 + 337.348C2DF 0.929 0.835 
Suofengying Y = 21 574.144 + 326.274C2SFY 0.945 0.872 
Wujiangdu Y = 16 295.248 + 338.230C1WJD 0.958 0.901 
Goupitan Y = í24 047.891 + 379.309C2GPT 0.935 0.849 
Silin Y = í64 648.926 + 474.135C2SL 0.919 0.814 
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6 Conclusions 
(1) The effects of optimized operation of cascade reservoirs on the Wujiang River in 
addressing the drought in southwest China are profound. During the drought from September 
2009 to April 2010, the inflow discharge at the Hongjiadu Reservoir experienced a 
year-to-year decrease of 59%, while the inflow discharge at the Silin Reservoir decreased by 
only 18%, and the total electric power generation at the Hongjiadu, Dongfeng, Suofengying, 
and Wujiangdu reservoirs on the Wujiang River decreased by only 38%. 
(2) Among cascade reservoirs, the water level and the amount of other water inputs at the 
Hongjiadu Reservoir and the outflow discharge at all of the reservoirs except the Wujiangdu 
Reservoir were key factors affecting the total electric power generation at reservoirs on the 
Wujiang River under optimized operation.  
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